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ABSTRACT
Numerous techniques for isolating circulating tumor cells (CTCs) have been developed. Concurrently,
single-cell techniques that can reveal molecular components of CTCs have become widely available. We
discuss how the combination of isolation and multigene profiling of single CTCs in our platform can
facilitate eventual translation to the clinic. KEYWORDS

Circulating tumor cells; rare-
cell sorting; single-cell
analysis

Circulating tumor cells (CTCs) have garnered much attention
as an established biomarker for tumor assessment ever since
their use in the clinic was approved by the US Food and Drug
Administration. As pertinent technologies develop, many excit-
ing CTC isolation technologies have been introduced to pro-
mote higher-efficiency capture of CTCs. Unfortunately, they
are overwhelmingly dependent on the “enumeration” of CTCs
by immunocytochemistry to measure tumor burden, which
clearly does not recapitulate their underlying tumor biology.
To overcome this limitation, various downstream methods
have also been introduced for molecular analysis of CTCs. As
highlighted by Dive et al. in Nat. Rev. Clin. Oncol.1 and Pantel
et al. in Clin. Chem.2 for CTC molecular analysis methods to be
more useful clinically, they must address the following critical
needs. First, molecular profiling at the single-cell level is neces-
sary to overcome the significant hurdle of the presence of wild-
type mRNA from white blood cells (WBCs) and other normal
blood cells. Other cells of different origin are typically known
to be confounding elements that obscure the identification of
each CTC’s true origin. In addition, quantification of the num-
ber of CTCs with multigene profiling capability, which is not
possible with bulk reverse transcription-polymerase chain reac-
tion (RT-PCR) methods, is also imperative. CTC identification
beyond immunocytochemistry (based on DAPI [40,6-diami-
dino-2-phenylindole] and cytokeratin staining) also addresses
the challenge of minimizing the false detection of non-tumor
cells. For example, certain inflammatory diseases such as
Crohn’s disease and diverticulosis also generate “circulating
epithelial cells (CECs)” in the bloodstream at concentrations of

up to 37 cells per mL. These CECs are identified with typical
immunocytochemistry platforms. Since the identification of
even a single CTC can be a clinically important indicator, these
CECs may contribute to non-negligible false positives and con-
found tumor assessment. Lastly, lowering assay costs compared
to whole genome amplification and next-generation sequencing
methods is, indeed, a challenging hurdle to facilitate widespread
research and clinical utility. These clinical needs are especially
relevant for lung cancer, a disease that presents unique chal-
lenges of difficult accessibility by tumor biopsy, a lack of estab-
lished biomarkers, significant molecular heterogeneity, and
urgent need for an effective therapy prediction and monitoring.
Particularly, gene mutation profiling is crucial to identify
molecularly targeted agents for lung cancer treatment.

Accordingly, a completely new strategy for “liquid biopsy”
of whole blood that enables disease assessment by mutation
detection from the cellular fraction of whole blood was devel-
oped, which goes beyond just being another CTC isolation
methodology.3 This entirely new work demonstrates high-
throughput compartmentalization of individual CTCs and their
subsequent transcriptomic characterization. We use an inte-
grated nanoplatform that uses modular mRNA gene expression
panels on single CTCs from lung cancer patients. By leveraging
high-throughput single-cell multigene expression analysis by
Nanowell after enrichment of CTCs from blood, we demon-
strate comprehensive profiling of individual CTCs. As demon-
strated in Fig. 1, we show how our nanoplatform technology
enables single-CTC multigene expression profiling in humans
after extensive preclinical validation. We address each of the

CONTACT Sanjiv S. Gambhir sgambhir@stanford.edu Department of Radiology, Stanford University School of Medicine, The James H. Clark Center, 318 Campus
Drive Room E150A, Stanford, CA 94305, USA.
© 2017 Taylor & Francis Group, LLC

MOLECULAR & CELLULAR ONCOLOGY
2017, VOL. 4, NO. 2, e1289295 (3 pages)
http://dx.doi.org/10.1080/23723556.2017.1289295

http://dx.doi.org/10.1080/23723556.2017.1289295


above needs via (1) CTC detection and molecular characteriza-
tion using tumor-specific multigene panels, rather than immu-
nocytochemistry, (2) the Nanowell’s compartmentalization of
individual purified CTCs to achieve greatly enhanced sensitiv-
ity compared with “bulk” analysis via quantitative PCR, while
also avoiding background signals from WBCs and other wild-
type cells, (3) a simple yet robust platform with low fabrication
and reagent costs for ease of research and clinical application,
and (4) modular gene panels (currently up to a limit of 4 genes)
for identification and mutational detection of putative CTCs.

Our major findings can be summarized as follows. First, our
integrated nanoplatform achieves highly sensitive detection of
putative CTCs in non-small cell lung cancer (NSCLC) patients.
Second, we demonstrate heterogeneity of individual CTCs with
different modular multigene panels, which potentially yields
insights into CTC subpopulations that possess more aggressive
and metastatic phenotypes. Third, we have profiled various epi-
dermal growth factor receptor (EGFR) mutations including
exon 19 deletion, L858R, and de novo T790M mutation at the
individual CTC level by using modular gene panels. We believe
that this work is the first demonstration of single-CTC multi-
gene expression analysis in lung cancer, a cancer type that is
generally considered more challenging than breast cancer, pros-
tate cancer, and colorectal cancer in the context of CTC-based
disease assessment.

We envision that our strategy will facilitate the development
of high-throughput single-cell multigene expression technolo-
gies for CTC identification and quantification toward cancer
management. Our strategy is readily applicable to both research
and clinical settings, given the low costs and ease of assaying
blood samples over the course of management, treatment, and
monitoring. In particular, it is well suited for longitudinal lung
cancer management, since new molecularly targeted therapies

currently available in the clinic make such monitoring clinically
actionable and relevant. Our integrated nanoplatform is also
broadly applicable to other cancer types, due to the use of modu-
lar multigene panels in Nanowell4,5 and flexibility in antibody
selection for CTC capture by a magnetic sifter (MagSifter).6

However, it should be noted that extensive validation of the pro-
posed CTC gene markers is also required for any new definition
of putative CTCs, since there is currently no consensus on a set
of point mutations or other genomic alterations that identifies a
cell as malignant. Nevertheless, we believe that this is a powerful
approach to CTC interrogation that will draw broad interest
within the cancer research community and may serve as an inte-
grated molecular diagnostic system7 for cancer assessment.
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